Abstract: Bulk chromium triiodide (CrI 3 ) has long been known as a layered van der Waals ferromagnet 1 . However, its monolayer form was only recently isolated and confirmed to be a truly two-dimensional (2D) ferromagnet 2 , providing a new platform for investigating lightmatter interactions and magneto-optical phenomena in the atomically thin limit. Here, we report spontaneous circularly polarized photoluminescence in monolayer CrI 3 under linearly polarized excitation, with helicity determined by the monolayer magnetization direction. In contrast, the bilayer CrI 3 photoluminescence exhibits vanishing circular polarization, supporting the recently uncovered anomalous antiferromagnetic interlayer coupling in CrI 3 bilayers 2 . Distinct from the Wannier-Mott excitons that dominate the optical response in well-known 2D van der Waals semiconductors 3 , our absorption and layerdependent photoluminescence measurements reveal the importance of ligand-field and charge-transfer transitions to the optoelectronic response of atomically thin CrI 3 . We attribute the photoluminescence to a parity-forbidden d-d transition characteristic of Cr 3+ complexes, which displays broad linewidth due to strong vibronic coupling and thicknessindependent peak energy due to its localized molecular orbital nature.
with intrinsic magnetism would enable the study of novel photo-physical phenomena and the interplay with underlying magnetic order, possibly involving physics incompatible with the Wannier-Mott excitonic picture.
On the other hand, the exploration of ferromagnetism in non-metallic bulk materials has a long history. Early studies examined the intrinsic ferromagnetic ordering of a variety of insulating and semiconducting materials, including for example, the ferrites and ferrospinels 6 , Cr trihalides 7 , Eu chalcogenides 8 , and Cr spinels 9 . Later, with the introduction of magnetic dopants into nonmagnetic II-VI and III-V semiconductors, diluted magnetic semiconductors captured widespread attention 10 , boosted by the discovery of ferromagnetism in Mn-doped InAs (ref. 11) and GaAs (ref. 12) in the 1990s. Central to progress in these fields, optical experiments have led to deep understanding of electronic structure, magnetization dynamics, and interactions between magnetism and light 8, [13] [14] [15] . While the fascinating physics in the quantum structures of diluted magnetic semiconductors has propelled spintronics research over the last few decades 16 , there has been a comparative lack of non-metallic nanoscale materials hosting intrinsic magnetism.
Recently, a number of van der Waals magnetic insulators have emerged as a promising platform for exploring light-matter interactions in the monolayer limit 2, 17, 18 . In particular, a magneto-optical Kerr effect (MOKE) study 2 revealed 2D ferromagnetism in monolayer CrI3 (Fig.  1a) . Historically, the bulk chromium trihalides were found to behave as Mott insulators with an optical response governed by ligand-field and charge-transfer transitions 13, [19] [20] [21] [22] , which are highly localized photo-excitations between molecular orbitals. Therefore, atomically thin chromium trihalides may provide a new platform from which to study 2D optical physics under the influence of intrinsic magnetic ordering beyond the excitonic picture. In this work, we reveal magnetizationdetermined ligand-field transitions in 2D ferromagnetic CrI3 by magneto-photoluminescence (PL) and reflection spectroscopy.
We prepared monolayer CrI3 on sapphire substrates by mechanical exfoliation of bulk crystals. For the PL experiments, we excited with a linearly polarized laser at 1.96 eV and analyzed the circularly polarized PL components (see Methods). All measurements were done under normal incidence excitation and collection. We first measured the monolayer CrI3 PL at 75 K, above the Curie temperature (TC) of 45 K (ref. 2) , without applying magnetic field. As shown in Fig. 1b , there is a single broad emission feature centered at ~1.1 eV with a full-width at half-maximum of about 180 meV. We observed no other PL features at higher energy. The red and blue spectra correspond to + and a − aacirculnrlya polnrize a PL,a respectively.a Thea twoa compodedtsa nrea id istidguishnble,awhichaisacodsistedtawithatheanbsedceaofamngdeticaor eranboveaTC.
Remnrknbly,aupodacoolidgatoa15aKa(wellabelowaTC)aidatheanbsedceaofanamngdeticafiel ,awea observea thnta thea + a nd a − a a PLa ivergea ida idtedsity,a witha a + a a mucha brightera thnda − a a (Fig.a 1c) Weadextaexploreatheaeffectaofandanpplie a out-of-plndeamngdeticafiel .aFig.a2nashowsathea circulnrlyapolnrize aPLaspectrnanta+0.5aT.aHereatheapolnrizntiodaisareverse arelntiveatoathntashowda idaFig.a1ca(whichawnsatnkedantazeroafiel ),a ueatoanaflipaidatheamngdetizntiodabyatheanpplie afiel .aIfa theafiel aisathedalowere atoa0aT,atheaspectrnaremnidaudchndge a (Fig.a2b) .aWhedatheaoppositeafiel ,a -0.5aT,aisathedanpplie ,atheamngdetizntiodaisareverse angnidand atheaPLareturdsatoaitsaorigidnlastntea withanastrodgera + acompodedtathnda − .aThisastnteaisaidaturdapreserve awhedatheafiel aisareturde atoa zeroa (Figs.a 2c,a ) .a Additional data demonstrating this behavior for a monolayer on a SiO2/Si substrate is presented in Supplementary Section 1. Weashowaρaoveranacycleaofatheamngdeticafiel a idaFig.a2e,awhereatheaobserve ahysteresisaloopaisaclenrlyatheahnllmnrkaofaferromngdeticabehnvior.a Theasnturntiodapolnrizntiodaisa±0.5,and atheacoerciveafiel aisa~55amT.aBothacirculnrapolnrizntioda compodedtsa showa lidenra powera eped edcea (Supplemedtnrya Sectioda 2),a len idga toa na powerid eped edtaρ.
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Methods

Sample fabrication
Bulk CrI3 crystals were grown by chemical vapor transport, as described in detail in Ref. 2 and 30. Monolayer and bilayer CrI3 samples were then obtained by mechanical exfoliation from bulk CrI3 onto a 0.5 mm thick c-plane sapphire substrate in an Ar-filled glovebox. We also fabricated and measured samples on 285 nm SiO2/Si (Supplementary Fig. 1 and Fig. 3d) . We confirmed the optical contrast of bilayer CrI3 on sapphire by transferring a bilayer from 285 nm SiO2/Si (on which the optical contrast has been established 2 ) to sapphire. Thus, we determined the optical contrast on sapphire to be ~0.035 and ~0.07 at 631 nm for monolayer and bilayer CrI3, respectively. Samples were kept under inert atmosphere or vacuum during the entire fabrication and measurement process.
Optical measurements
Low-temperature optical measurements were performed in a closed-cycle cryostat with a superconducting magnet with the axis directed out of the sample plane. For the photoluminescence measurements, the sample was excited by a HeNe laser (632.8 nm) focused to a ~1 µm spot diameter. A low power of 10 µW was used to avoid sample heating and degradation. A dichroic beam splitter reflected the collected PL, which was then spatially filtered through a confocal pinhole (to avoid collecting nearby bulk CrI3 PL), dispersed by a 1.2 m blaze grating, and detected by a liquid-nitrogen cooled InGaAs linear photodiode array (Princeton Instruments). The InGaAs detector was spectrally calibrated using Hg emission lines. The excitation and detection polarization were controlled using linear polarizers and achromatic near-infrared half-and quarterwave plates. Peak intensities were calculated by averaging 100 points (~30 meV) about the peak center. For the white light differential reflection measurements, we spatially filtered a tungsten halogen lamp through a pinhole and focused the beam to a ~3 µm spot size on the CrI3. The reflected light was deflected with a beam splitter and detected by a spectrometer and Si CCD or InGaAs array, which enabled measurements from 1 to 3 eV. To obtain the differential reflectance, we subtracted and normalized the CrI3 reflectance by the reflectance of the bare sapphire substrate. Supplementary Fig. 4 , while the data for CrBr 3 (Fig. 2) . We note that PL from the underlying Si shows up near 1.1 eV. We directly subtracted this PL contribution by using the background spectrum from uncovered SiO 2 /Si. To avoid the complication from background Si PL, it is better to study the detailed features of the CrI 3 PL spectrum on transparent substrates. 
Fig. S2. Power dependence of
+ (red) and − (blue) PL peak intensities and circular polarization (ρ, black). The data is taken at 0 T after decreasing from -0.5 T (same condition as in Fig. 2d ). Red and blue lines show a linear fit to the intensity data. We note that the low count rate prohibits accurate measurement of the PL below 1 W. Furthermore, the power was kept less than or equal to 20 W to avoid possible sample degradation. Error bars show the standard deviation of the intensities and ρ at the peak. (Fig. 4b) arise from the ground and excited configurations of the d 3 electrons in the t2g( * ) and eg( * ) orbitals. Two possibilities for the ligand-to-metal charge transfer (LMCT) transitions are shown in blue and green 3, 4 , and are described further in Supplementary Section S5. We emphasize that this picture provides a qualitative understanding of the different electronic transitions, and future first-principles calculations will be necessary for quantitative understanding. e g ( )
Cr orbitals I orbitals CrI 3 orbitals Energy S4. Bulk CrI 3 differential reflection spectrum Figure S4 presents the differential reflection spectrum for thin bulk (~8 layers thick) CrI3 at 15 K. The features are consistent with those reported in Ref. 2 . The weak feature at 1.5 eV is the 4 A2 to 4 T2 transition, which closely matches the monolayer case in Fig. 4a . The stronger features consist of a group of two peaks at 1.80 and 1.93 eV in addition to another set of peaks at 2.65 and 2.70 eV. Based on the connection to prior CrCl3 and CrBr3 experiments 2,5-7 and calculations 3,4 , the strong peak at 1.93 eV (LMCT 1) and the 2.7 eV features (LMCT 2) are most likely due to dipole-allowed charge-transfer transitions between the iodine 5p orbitals and Cr 3+ 3d orbitals. Specifically, the 1.93 eV peak may arise from the t1u ( ) or t2u ( ) to eg* transition, and the 2.7 eV peaks from the t1u ( ) or t2u ( ) to t2g* (asterisk denotes anti-bonding orbital). We note that there is less confidence in the specific assignment for the higher energy charge transfer feature, although it is accepted as a p-d LMCT transition (see ref. 3,4 and references therein). Aside from slight blue-shifts of the peaks in the monolayer limit, we note that the prominent charge-transfer peak at 2.2 eV is not present in the bulk sample, suggesting that interlayer interactions may impact the iodine 5p orbitals, which have significant distribution out of the plane. In addition, the 2.65 eV feature is absent in the monolayer limit, leaving only a single peak at 2.70 eV. Detailed thickness-and polarization-dependent absorption measurements, in addition to firstprinciples calculations, will be necessary to unravel the intriguing structure of the charge transfer transitions. 
S5. Stokes shift, angular overlap model, and phonon contribution to CrI 3 PL
In Fig. S5 , we display a fit to the low-temperature monolayer PL spectrum based on the simple, single configurational coordinate model in the harmonic approximation (Fig. 4c) and Franck-Condon principle. The emission at energy can be approximated by the following 8 :
Here, is the Huang-Rhys parameter, ℏ is the effective phonon energy involved in the emission process, is the Boltzmann constant, is the temperature, and 0 is the energy of the zero-phonon line. The measured PL and absorbance are first converted to the transition probability by dividing by a factor of 3 and respectively 8 . Using = 15 K and 0 = 1.312 eV (zero-phonon energy), we achieve a good fit (orange curve in Fig. S5 ) to the PL spectrum with ≈ 10 and ℏ ≈ 24 meV. The asymmetry and linewidth of the PL spectrum are captured well in this simple model. Because the tail of the 2 eV absorption features overlap with the weak 1.53 eV peak, a careful fit of the absorption is not possible. However, if we plot the corresponding absorption line shape using the same parameters found from the PL fit, we find reasonable overlap with the experimental peak. The similarity between the PL and absorption shapes is further evidence of the shared origin of these optical transitions, namely between the 4 A2 ground and 4 T2 excited state configurations (shown in Fig. 4c) . A large Stokes shift (of 430 meV, in our case) is reasonable for the 4 T2 transition in Cr 3+ complexes 8, 9 . The zero-phonon energy for the 4 T2 state (~1.3 eV) corresponds to the ligand-field splitting. This energy is determined by the relative strength of and bonding for Cr-I and can be estimated as 3 − 4 , where and are the angular overlap model parameters for and bonding 10 . For the Cr-I bonds in an octahedral geometry 11 , = 4100 −1 and = 670 −1 , which gives a ligand-field splitting of ~1.2 eV. The good agreement lends further evidence to the assignment of PL and absorption to the 4 T2 state. The d-d transitions become allowed by mixing with odd parity states. For Oh symmetry, the phonon modes that can enable the d-d transitions are t1u and t2u. The even parity a1g, eg, and t2g modes may then contribute to the broadening and structure of the bands 9 . In the Cr trihalides, the trigonal (D3) arrangement of nearest neighbor chromium atoms distorts the octahedral field and thus provide an additional static mechanism through which to intensify the d-d transitions, which is similar to what has been suggested for CrCl3 and CrBr3 (ref. 6,7) . Finally, we note that future experiments and calculations will be needed to elucidate the details of the phonon modes and intensities, as well as other potentially relevant phenomena, such as excited state Jahn-Teller distortions, spin-orbit coupling, and impurity or substrate broadening.
